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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-423 

THE SUPERSONIC TRANSPORT - A TECHNICAL SUMMARY 

By Staff of the Langley Research Center 

INTRODUCTION 

By John Stack 

The prospects for commercial flight at supersonic speeds herald a 
new era in the transportation field. 
supersonic transport is of vital importance to the national prestige 
as well as the commercial stature of the United States. If the United 
States is to achieve a supersonic air transport capability at the 
earliest practicable date, a vigorous effort is demanded on all fronts. 

The successful. development of a 

1 A considerable amount of research background pertinent to the 
supersonic commercial transport has already been established as a - m l t  u5?the research i-frm -teed fw&lita%-yqrs& 

1 bombardment aircraft, Concurrently with this research, the NASA has 
made studies of the application of this work to the commercial super- 
sonic transport and has investigated some commercial-type configura- 
tions experimentally. 
limitations for commercial operation, reasonably clear definitions of 
the problem areas have been achieved and possible new approaches are 
under study. 

While many of these configurations have serious 

The state of the art with respect to flight and propulsion effi- 
ciency of supersonic aircraft has been advanced to the point that the 
cruise part of the flight can now be achieved with efficiencies com- 
parable to those of present Jet transport aircraft. The vehicle con- 
figurations considered to date are essentially supersonic-type con- 
figurations and as such have serious limitations in the off-design 
areas, specifically: take-off, climbout, in-flight emergencies, and 
holding. 
tion in climbout until high altitudes are obtained. 
operation must be conducted at subsonic speeds and is very sensitive to 
hold altitude. 
availability of a midrange alternate landing site. 

The noise problem of the sonic boom requires subsonic opera- 
The terminal hold 

One-engine-out emergency during cruise may require the ,?> 

b 
The technical position in terms of state of the art might be 

briefly summarized by saying that if the mission involved fiight at 
only the design supersonic speed and cruising altitude, and if no 
emergencies occurred, intercontinental ranges of commercial interest 
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and importance could be readily achieved. 
through which the airplane must perform t o  reach i t s  supersonic cruise  
speed and a l t i t u d e  and t o  descend therefrom, however, imposes problems 
t h a t  must be solved. 
the proper solutions t o  the off-design problems can be provided through 
some form of airframe variable geometry - such as variable sweep - i n  
combination with an advanced fan-type propulsion system. The present 
research posi t ion i s  t h a t  no fundamental problem appears with regard t o  
these off-design conditions tha t  cannot be solved by concentrated 
research e f fo r t .  

The intermediate range 

?. 

The research s t a t u s  as of today indicates  tha t  

* 

I 
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I. STATE OF THE ART - PERFORMANCE 

By Mark R.  Nichols 
P. 

b 
One of the pr incipal  bar r ie rs  t o  consideration of the supersonic 

t ransport  has been i n a b i l i t y  of t h e  designer t o  a t t a i n  an adequate 
l e v e l  of f l i g h t  efficiency, t h a t  is, adequate range and an acceptable 
l e v e l  of f u e l  cost .  
permit more optimism concerning these problems. 
discussion i s  t o  review the performance picture  b r i e f l y  as background 
f o r  the following presentations, and to  point out some of the pr incipal  
problem areas. 

Recently, a number of advances have been made t h a t  
The purpose of t h i s  

The major factors  affect ing the f l i g h t  efficiency of a long-range 
airplane are as follows: 

(1) The available energy per pound of f u e l  

( 2 )  The s t r u c t u r a l  weight of the airframe and engine, which deter- 
1 mines the  amount of f u e l  that  can be carried 
rn 

-~ - (3)-myLthe pmpuhion system, whi- the effiri- 
ency with which the f u e l  is u t i l i z e d  in  providing th rus t  1 

(4 )  The aerodynamic efficiency, which determines how much t h r u s t  
is needed. 

A high degree of efficiency i s  required i n  connection wi th  each f ac to r  
before the  supersonic-cruise airplane i s  economically feasible .  
change i n  overal l  f l i g h t  efficiency with increasing f l i g h t  speed, how- 
ever, is determined pr incipal ly  by the las t  two factors .  

The 

Figure 1 shows the var ia t ion of propulsive efficiency with cruise 
Mach number f o r  several  engine types. The band on t h e  l e f t  i s  f o r  the 
turbojet  and turbofan engines. In  general, values f o r  the various 
turbofan engines tend t o  group i n  t h e  upper pa r t  of the band and those 
f o r  the turbojet  i n  the lower part;  that i s ,  the turbofan engine gen- 
erally provides s ignif icant ly  greater  efficiency than the comparable 
turbojet .  A s  the f l i g h t  speed increases i n t o  the region beyond a Mach 
number of 2, the th rus t  a t ta inable  with these par t icu lar  engines even- 
t u a l l y  becomes insuf f ic ien t  t o  overcome the  a i rp lane ' s  drag; therefore,  
it becomes necessary t o  add an afterburner. The efficiency then drops 
as indicated i n t o  the  region of values covered by the  middle band. A s  
the f l i g h t  speed fur ther  increases and approaches a Mach number of 4, 
the  rapidly increasing internal-flow tmperat 'zes  reqiiire e1irriirfitior.i 
of the in te rna l  machinery altogether and u t i l i z a t i o n  of the ramjet mode 
of operation, A t  the  present time, of course, the pure ramjet I s  not 
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being  considered seriously f o r  transport  application. 
the turbo-ramjet, however, offers  the poss ib i l i ty  of e f f i c i e n t  operation 
a t  Mach numbers i n  the range of about 3.5 t o  5 w i t h  operating character- 
i s t i c s  a t  the lower speeds similar t o  those f o r  the other engine types. 

A hybrid engine, 

In  general, the propulsion eff ic iency a t ta inable  increases w i t h  
increasing f l i g h t  speed. The values corresponding t o  the upper p a r t s  
of the three bands are as high as or higher than anything ever obtained 
a t  subsonic speeds with propeller-engine combinations. 

The aerodynamic efficiency, unfortunately, has an opposite trend. 
I n  figure 2, the  l i f t -drag  r a t i o  L/D 
supersonic configurations i s  plot ted as a function of cruise Mach num- 
ber. Above 
a Mach number of 1, the lowest curve shown i s  representative of the 
approximate performance of present-day operational supersonic airplanes.  
It can be seen t h a t  a d r a s t i c  decrease i n  occurs a t  transonic 
speeds i n  connection w i t h  the development of supersonic flow around the 
airplane. The supersonic l i f t -d rag  r a t i o  of the typ ica l  present-day 
supersonic design is, fo r  example, only about one-fourth of tha t  f o r  
t h e  subsonic design a t  a Mach number of 0.8. 
aerodynamic efficiency the c r i t i c a l  factor .  A s  a r e s u l t ,  much research 
e f fo r t  has been concentrated on l i f t -drag  r a t i o  and has resul ted i n  an 
increase of the values obtained by 50 t o  75 percent i n  t h e  last  3 years. 
The plotted tes t  points i n  figure 2 ident i fy  values established by 
wind-tunnel model t e s t s  of mil i tary configurations designed f o r  super- 
sonic missions. It i s  estimated tha t  i f  these arrangements were con- 
verted i n t o  transport  configurations, through an increase i n  fuselage 
s ize ,  e tc . ,  the corresponding l i f t - d r a g  r a t i o s  would f a l l  apprDximately 
i n  the shaded band. Analysis indicates that these new state-of-the-art  
values are high enough t o  provide useful  performance, but a r e  s t i l l  not 
as high as the designer would l i k e .  
a vigorous research program be continued t o  provide fu r the r  design 
improvements. 

f o r  a number of subsonic and 

The curves on the l e f t  are f o r  familiar subsonic designs. 

L/D 

This  decrease makes the 

It i s  essent ia l ,  therefore,  t h a t  

The manner i n  which the propulsion and l i f t -drag- ra t io  trends tend 
t o  compensate i n  t h e  overal l  f l i g h t  efficiency picture  is shown i n  f ig -  
ure 3 .  The f l i g h t  efficiency is plot ted against  the design cruise  Mach 
number. The shaded region on the  l e f t  indicates  t he  approximate l e v e l  
of efficiency of the present J e t  transports,  whereas the second shaded 
region indicates  the best  present estimate of efficiency a t  supersonic 
speeds. It w i l l  be noted t h a t  the supersonic values a re  not quite as 
high as the subsonic values, which, of course, a r e  subject t o  fu r the r  
improvement. Nevertheless, they a r e  competitive, and a number of 
analyses show tha t  the gain i n  earning power generated by the increased 
speed of the supersonic airplane f a r  more than compensates fo r  a d i f -  
ference i n  efficiency of the magnitude shown. 
plane designed t o  cruise a t  a Mach number of 3 can make approximately 

I n  other words, an air-  
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three t i m e s  as many trans-Atlantic t r i p s  a day as one of the present- 
day j e t s .  When a l l  other factors  a r e  assumed equal, these t r i p s  can 
then gross three t i m e s  as much money, and thus some difference i n  f u e l  
costs can be tolerated.  

A t  the present time research and analysis have not defined exactly 
what cruise Mach number i s  optimum for a given mission, or even which 
configuration i s  optimum f o r  any particular design speed. The bes t  
arrangement might be l i k e  one of the sketches a t  the top of f igure 3 ,  
or  l i k e  one of the display models shown i n  figures 4 t o  6. 
ber 3 cruise speed and the delta-wing canard arrangement of f igure 4, 
however, have been chosen f o r  fur ther  study of some of t he  operational 
character is t ics  of the supersonic transport. The reason f o r  t h i s  choice 
of configuration i s  t h a t  it i s  the one f o r  which most data e x i s t  and 
the one most widely accepted presently. 

A Mach num- 

The airplane i l l u s t r a t e d  i n  figure 7 i s  a large transport  designed 
t o  cruise a t  a Mach number of 3 and t o  carry 100 passengers and a crew 
of 6. It weighs about 375,000 pounds, i s  about 180 f e e t  long, and has 
a t o t a l  surface area of about one-third of an acre.  The fue l ,  which 
const i tutes  about 55 percent of the take-off weight, i s  located i n  both 
the wing and fuselage i n  the  cross-hatched regions. The fuselage a l s o  

temperatures vary from 400° t o  6 5 0 ~ .  
ciated s t ruc tu ra l  considerations are discussed i n  other p a r t s  of t h i s  
volume. 

1 

7 
1 

- I s Q  insulated and e x t a s t v c t y  air - cmd33m& because the  s u r e  
This  temperature problem and asso- 

I ’  

I n  order t o  a t t a i n  the l eve l  of f l i g h t  e f f ic ienc ies  assumed, two 
major requirements must be met. F i r s t ,  the  e n t i r e  surface area (about 
one-third of an acre) must be very smooth and f a i r  w i t h  no sand-grain- 
type roughness or o f f se t s  between adjacent s t r u c t u r a l  panels higher 
than about three times the thickness of a sheet of t a b l e t  paper. 
the overal l  configuration must be very slender. 
f igurat ion i l l u s t r a t e d  i s  only s l i gh t ly  thicker  i n  proportion than a 
razor blade. The f’uselage diameter also i s  small r e l a t i v e  t o  i t s  length 
and thus leads t o  a seating arrangement as compact as most present-day 
coach seatings.  It i s  assumed t h a t  such dense seating w i l l  be permis- 
s i b l e  f o r  the supersonic transport  because of the very short  f l i g h t  
times. 

Second, 
The wing of the con- 

Figure 8 shows a f l i g h t  plan for t h i s  transport  that has been made 
optimum on the New York t o  Pa r i s  route primarily on a minimum-fuel- 
consumption bas i s ,  Alti tude i n  thousands of f e e t  i s  plot ted against  
distance i n  naut ical  miles with the horizontal scale  broken i n  two 
places,  The airplane u t i l i z e s  1 minute of f u l l  afterburner a t  take- 
off and then climbs a t  high subsonic speeds with normal ra ted  power. 
When the r a t e  of climb begins t o  drop off unduly ( i n  t h i s  case, a t  
25,000 feet) ,  the afterburner is turned on, so t h a t  the airplane 
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accelerates through sonic speed and then continues t o  climb and accel- 
e ra te  t o  i t s  i n i t i a l  cruise  condition of Mach number 3 a t  65,000 f ee t .  
Over one-third of the t o t a l  f u e l  aboard a t  take-off i s  consumed i n  t h i s  
phase of the f l i g h t  which takes half an hour and covers 365 naut ica l  
miles. (1) high f u e l  consump- 
t i o n  in  off-design f l i gh t ;  (2) long take-off distances and high take- 
off speeds; and finally, (3) public react ion t o  afterburner take-offs 
and intense sonic bangs generated i n  the  transonic accelerat ion.  These 
problems are  t rea ted  i n  greater  detai l  i n  subsequent p a r t s  of t h i s  
volume. 

The major problem areas  appear t o  be: 

The airplane cruises  a t  Mach number 3 with reduced afterburner 

These fl ight a l t i t u d e s  

If the a l t i t u d e  i s  

Conversely, 

temperature f o r  about l1 hours with the  f l i g h t  a l t i t u d e  increasing 

gradually t o  73,000 f e e t  as fuel i s  burned. 
are optimums determined on the basis of a compromise between con- 
f l i c t i n g  airframe and engine eff ic iency trends. 
increased beyond the optimum, the f u e l  consumption goes up rapidly 
because higher afterburner temperatures a re  needed. 
reducing the f l i g h t  a l t i t u d e  causes losses  i n  l i f t -d rag  r a t i o  which, 
of course, r e f l e c t  i n  increased th rus t  requirements. 
a t ing  economy of the airplane w i l l  depend t o  an unprecedented extent  
on the way t o  which the  airplane i s  permitted t o  operate by the air- 
ways control system. 

F 

Thus, t he  oper- 

The t o t a l  f l i gh t  time i s  about 21 hours and the f u e l  cost  per  pas- 
2 

senger i s  only a l i t t l e  more than that  f o r  present subsonic jets.  
a s  indicated before, the future  of these airplanes appears br ight .  

Thus, 

One overal l  problem of major importance i s  t h a t  the  f l i g h t  plan i s  
very r ig id  and the f u e l  consumption i s  high, so  t h a t  any off-design 
f l i gh t  i s  very expensive. For example, j u s t  changing hold a l t i t u d e  
from the 35,000-foot value i l l u s t r a t e d  t o  5,000 feet  requires  an 

J 

One other s ign i f icant  area of new operating problems a r i s e s  i n  t h e  
cruise phase of the  f l i g h t  because of the i n a b i l i t y  of the airplane t o  
be slowed rapidly from cruise Mach number t o  subsonic speeds i n  case of 
an emergency or  i n  order t o  minimize the e f f ec t s  of rough a i r .  

Letdown i s  i n i t i a t e d  a t  the end of cruise by t h r o t t l i n g  the  engines 
t o  the minimum operating th rus t  and then decelerating a t  the g l ide  angle 
f o r  maximum range. The airplane decelerates through the  sonic speed a t  
an a l t i tude  of 59,000 f e e t  so  that  there  i s  no major ground noise prob- 
lem. The time required and distance covered during descent a r e  about 
the same as  f o r  the i n i t i a l  l eg  of t he  f l i g h t ,  but t he  f u e l  usage is, 
of course, very much less. 
expected t o  be somewhat higher than f o r  the present j e t s .  

Landing speeds and distances,  however, are 
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increase in fuel reserve of 1 ton, which effectively eliminates approxi- 
mately 12 passengers if this weight is taken out of the payload. 
changes are equally expensive. 
changes can be tolerated. 

Other 
It is quite apparent that not many such 

In summary, it now appears that the state of the art has advanced 
sufficiently to permit the design of an airplane at least marginally 
capable of performing the supersonic transport miesion. Most designs 
proposed so far, however, appear to have serious shortcomings with 
regard to off-design performance and operational flexibility. 

along the lines that will be discussed subsequently, appear desirable 
to overcome these adverse characteristics. Another thing obviously 
needed is a system of flight controls, communications, and meteorology 
good enough to enable the airplane to fly in an optimum manner at all 
times. 
air space and landing pattern reservations made prior to the time the 
engines are started. 

Addi- 
I tional changes to both the basic airframe and engine configurations, 

Ideally, the flight would be planned to the minute with all 
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11. SOME NOISE PROBLEMS OF THE SCTPERLSONIC TRANSPORT 

By Harvey H. Hubbard and Domenic J. Magliepi 

I m O D U C T I O N  

The noise problems of the supersonic transport  airplane can be d is -  
cussed w i t h  the a id  of table  I ,  A t  the l e f t  of t h i s  tab le  a re  indicated 
the main sources of noise during airplane operation. 
noted t o  be the engines, the aerodynamic boundary layer, and the shock 
waves. 
operation of the a i r c ra f t ,  such as ground runup, take-off, i n i t i a l  climb, 
acceleration, cruise,  descent, and landing approach. I n  the central  
portion of the table,  the problem areas are related t o  the sources of 
the  noise and the phases of airplane operation. With regard t o  engine 
noise, a ra ther  general observation can be made that the problems w i l l  
be similar i n  nature t o  those encountered i n  present-day j e t  transport  
operation. The seriousness of these engine noise problems w i l l ,  of 
course, depend on the type of power plant, the a i r c r a f t  configuration, 
and the manner i n  which the a i r c r a f t  i s  operated. The boundary-layer 
noise w i l l  de f in i te ly  be of greater  concern f o r  the supersonic transport, 
and the shock waves are  an en t i re ly  new source of noise which i s  gen- 
erated by the a i r c r a f t  only i n  supersonic flight. 

These sources a re  

Across the top of t h i s  table  are l i s t e d  the various phases of 

ENGINE NOISE 

The possible problein areas associated with engine operation include 
the fatigue damage t o  the a i r c r a f t  structure during ground runups and 
take-off ( r e f .  l), harmful exposure of the ground crew and other people 
on the ground during ground runups (ref  . 2), and objectionable noise 
on the ground i n  communities near a i rports  for  both the i n i t i a l  climb 
and the landing approach (ref , 3)  . A t  present, i n  the operation of 
subsonic turbojet-powered transports, both ground mufflers and f l i gh t  
mufflers a re  needed. Mufflers Rerve a twofold purpose. Ground mufflers 
reduce damage t o  the s t ructure  and give protection t o  the ground crews. 
F l i g h t  mufflers reduce community annoyance and a lso  reduce damage t o  the 
s t ructure .  The use of turbofan-type engines W i l l  probably eliminate the 
need f o r  fl ight-type j e t  exhaust mufflers although ground-runup j e t  
exhaust mufflers would s t i l l  be required. 

O f  par t icular  significance i n  the community noise problem is the  
c l i ~ b o u t  c q ~ b i l i t y  of the a i r c r a f t .  
aid of f igure 1, which shows schematically the . a l t i t ude  i n  fee t ,  

This 28:: be i lks t ra te& w i t k  the  
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achieved as a function of ground distance i n  miles from point of l i f t -  
of f ,  f o r  both a subsonic and a proposed supersonic transport .  
obvious t h a t  t he  supersonic airplane w i l l  have the stee2er climb angle. 
This r e s u l t s  from the f a c t  tha t  engines capable of propelling the air-  
c r a f t  i n  supersonic f l i g h t  w i l l  have greater  than the minimum th rus t  
required for take-off. Th i s  excess take-off t h rus t ,  combined w i t h  the  
possible use of variable a i r c r a f t  wing geometry, w i l l  make possible 
geometric climbout angles of the order of loo, or  about double those 
being used a t  present. T h i s  improved climbout capabili ty of the super- 
sonic transport  w i l l  allow it t o  a t t a i n  a greater  a l t i t u d e  i n  a given 

It i s  

ground distance. For given engine noise character is t ics ,  t h i s  increased I 
a l t i t ude  i s  very beneficial  i n  reducing community annoyance. s 

The noise character is t ics  of future  engines w i l l  no doubt d i f fe r  ( 

I 

from those i n  current use. Several possible engines have been proposed 
f o r  use i n  the  supersonic transport ,  and the i r  merits a r e  s t i l l  being 
debated. Since noise measurements are not available f o r  these proposed 
engines, estimates have been made of t h e i r  noise character is t ics ,  and 
the main r e s u l t s  of these s tudies  a r e  shown i n  figure 2. Noise l e v e l s  
a r e  plotted on the v e r t i c a l  scale  as a function of horizontal  distance 
i n  miles from the point of l i f t - o f f .  
t he  form of perceived noise l eve l s  (PNdb) since t h i s  quantity has been 
found t o  be a f a i r l y  r e a l i s t i c  measure of community reaction. The hori- 
zontal l i n e  i n  the center of the chart corresponds t o  112 PNdb which has 
been judged t o  be an acceptable noise l e v e l  i n  communities f o r  daylight 
and early evening take-off operations. Note that  l eve l s  below the l i n e  
a r e  considered acceptable, whereas l eve l s  above the l i n e  a r e  not accept- 
able.  The two dashed curves represent the extreme values of perceived 
noise l eve l s  calculated f o r  a four-engine supersonic a i r c r a f t  having 
a t o t a l  of 120,000 pounds th rus t  and climbing a t  an angle of 10'. The 
top dashed curve i s  calculated f o r  f u l l  afterburning-type engines 
whereas the lower dashed curve i s  calculated f o r  turbofan-type engines. 
Nonafterburning unsuppressed turbojet  engines of equivalent t h r u s t  
would have perceived noise l eve l s  between these two extremes. A s  a 
basis  f o r  comparison, the shaded area i s  included t o  represent the 
ranges of perceived noise l eve l s  encountered during operations of four- 
engine subsonic j e t  transports with suppressors, having a t o t a l  t h r u s t  
of 48,000 pounds and climbing a t  a 5 O  angle ( r e f .  3 ) .  
perceived noise levels  of the shaded region accounts f o r  differences 
i n  airplane gross weights and the associated var ia t ion i n  engine power 
set t ings.  
ceived noise l eve l s  on the ground become equal t o  o r  less than t h i s  
acceptable l e v e l  i n  as short  a ground distance as possible. 

i The noise data a r e  presented i n  

The range of 

The main objective i s  t o  operate i n  such a way t h a t  the per- 

a 

. 

T 

It i s  obvious from the data of f igure 2 t h a t  the noise character- 
i s t i c s  of these engines t h a t  have been proposed f o r  the supersonic 
transport  vary wide?-y. 
community annoyance problem, a power plant  might be chosen t h a t  would 

If proper consideration i s  not given f o r  t he  



have unacceptable noise characteristics, On the other hand, the possi- 
bility exists of choosing a power plant that would be, from considera- 
tion of community annoyance, better than those currently in use. 

BOUNDARY -LAYER NOISE 

For present subsonic Jet transports, the boundary-layer noise is 
mainly of concern from the standpoint of passenger comfort, and as a 
result several thousand pounds of sound-treatment materials are needed 
in the fuselage. 
pressures will be higher and will be of concern not only from the 
standpoint of passenger comfort, but also because of possible noise- 
induced damage to the skin structure of the airplane, 

On supersonic transports the boundary-layer noise 

The boundary-layer noise problem, as it relates to supersonic 
transports, can be discussed with the aid of figure 3 .  
a 4  layer is present at the front of the aircraft, as indicated by the 
unshaded part of the sketch at the top of the figure. The transition 
to turbulent boundary layer occurs at a short distance back along the 
fuselage where the shading starts, and this turbulent boundary layer 
thickens up toward the rear of the aircraft as indicated by the darker 
shading. In both the subsonic and supersonic Mach number ranges the 
boundary-layer noise frequencies are noted to decrease as the boundary 
layer thickens, and hence there is a substantial change in the spectrum 
from front to rear along the aircraft (refs. 4 and 5). The plot at the 
bottom of figure 3 presents surface-pressure levels in decibels as a 
function of distance along the fuselage measured from the nose of the 
aircraft. The crosshatched region represents the range of surface- 
pressure levels estimated for a supersonic transport operating in the 
Mach number range 2.3 to 4.0 and at altitudes of 60,000 to 70,000 feet. 
The surface pressures are of low intensity in the laminar boundary- 
layer region, increase suddenly in the region of transition, and then 
vary only a small amount in the turbulent boundary-layer region, with 
the exception of some pressure buildups in regions of separated flow 
as may exist near the rear of the f’uselage. Shown in the figure for 
comparison are the surface-pressure levels estimated for the cruise con- 
dition of a subsonic transport operating in the Mach number range 0.8 
to 0.9 and at altitudes of 25,000 to 35,000 feet. 
dynamic pressure corresponding to the operation of the subsonic Jet 
transport is about 250 to 500 lb/sq ft, whereas the corresponding 
dynamic pressure during the cruise of the supersonic transport is in 
the range from 750 to 1,250 lb/sq ft. The surface pressures in the 
boundary layer are approximately proportioral to the free-stream 
dynamic pressure, and as a result the surface-pressure levels will be 
substantially higher for the suixrsonic transport. 

A laminar bound- 

The free-stream 
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The r e su l t i ng  surface-pressure l eve l s  of the supersonic t ransport  
a r e  s ign i f icant  because they a re  i n  a range where noise-induced struc- 
tural damage can occw ( r e f .  6) .  Thus, i n  addi t ion t o  an in tens i f ica-  
t i o n  of the famil iar  problem of providing optimum sound insu la t ion  fo r  
the  passengers, there  i s  a l so  concern f o r  the design of a skin s t ruc ture  
t o  r e s i s t  noise-induced damage over the whole area of the  a i r c r a f t  indi-  
cated by the  shading i n  the sketch. 
damage due t o  boundary-layer noise imposes a much more severe requirement 
i n  design than for  current j e t  t ransport  a i r c r a f t .  

R 

(See f i g .  3 . )  Possible s t ruc tusa l  

SHOCK-WAVE NOISE 

Additional sources of noise i n  the operation of a supersonic t rans-  
port ,  which a re  not a problem with subsonic t ransports ,  a re  the shock 
waves generated during the supersonic pa r t  of the f l i g h t  which includes 
the  cl imb,  cruise,  and descent. Although the  resu l t fng  sonic-boom dis-  
turbances may be observed throughout these phases of the  f l i g h t ,  the  
most serious problems a re  associated with the  accelerat ion during climb 
since t h i s  may be accmplished a t  a reduced f l i g h t  a l t i t ude .  If proper 
precautions a re  not taken, shock-wave noise 'pressures  may be of su f f i -  
c ient  i n t ens i ty  t o  damage p a r t s  of ground building s t ruc tures  such as 
windows, i n  addition t o  causing annoyance. 

Fi6u-e 4 suggests two approaches t o  solving the  accelerat ion prob- 
lem: o x  a l eve l - f l i gh t  accelerat ion and the other an accelerat ion i n  
steep climb ( r e f .  7 ) .  
horizon+,al scale and airplane a l t i t u d e  on the v e r t i c a l  scale .  The 
hatched area represents combinations of Mach number and a l t i t u d e  which 
may r e su l t  i n  damage $0 s t ruc tures  on the ground. The shaded area  
toward ;he top represents combinations of Mach number and a l t i t u d e  f o r  
which sonic booms w i l l  be observed on the ground and which may be 
annoyin{< but w i l l  not cause damage, The main objective i n  t h e  f l i g h t  
operation i s  t o  t r a v e l  from ground l eve l  t o  cruise  conditions without 
intersect ing the damage area.  NASA f l i g h t  s tudies  have shown t h a t  
increasing a l t i t u d e  i s  a very powerful fac tor  i n  reducing the sonic- 
boom in ,ens i ty .  This leads t o  the proposed procedure i l l u s t r a t e d  i n  
the lef*,-hand s ide of f igure 4. 
re la t ive ly  high intermediate a l t i t ude ,  then a l eve l - f l j  $+ accd.ers t ion 
t o  a Mach number cf about 2, and then u subsequent climb and accelera- 
t i on  t o  cruise condition. 
minimum acceptable a l t i t u d e  f o r  a l eve l - f l i gh t  accelerat ion t o  avoid 
ground damage; a higher a l t i t u d e  5han 35,000 f e e t  i s  highly desirable  
t o  minimize adverse comunlty react ion and t o  lesecn fu r the r  the possi- 
b i l i t y  of ground damage. 

Airplane flight Mach number i s  p lo t ted  on the 

This consis ts  of a subsonic climb to 

Note t h a t  i n  f igure  4, 35,000 f e e t  i s  the 1 



Another possible procedure t o  avoid damage on the ground during 
the acceleration phase of the f l i g h t  i s  i l l u s t r a t e d  i n  the right-hand 

thrust-to-weight r a t i o  i s  available,  a steep climb may be used t o  
advantage t o  reduce the sonic-boom disturbances a t  ground level .  The 
benefi ts  a r e  derived pr incipal ly  from the f a c t  that  the whole shock- 
wave pa t te rn  i s  rotated by about the same amount as the  airplane a t t i -  
tude i s  changed. The net r e s u l t  of t h i s  change i n  a t t i t u d e  of the 
shock-wave pa t te rn  i s  t o  allow a higher Mach number t o  be reached before 
the shock waves reach the ground. A s  a r e su l t ,  the damage area i s  now 
shif ted t o  the r igh t ,  tha t  is ,  t o  higher Mach numbers. A s  an example, 
t h i s  s h i f t  may be i n  the neighborhood of 0.2 t o  0.4 i n  Mach number, 
depending on a l t i t u d e ,  f o r  a climb angle of 20'. It can be seen from 
the f igure t h a t  acceleration t o  supersonic speeds can now be accom- 
plished a t  a lower a l t i t u d e  without intersect ing the damage region pro- 
viding, of course, that  the a i r c r a f t  remains i n  a climb a t t i t ude .  

*. side of f igure 4 .  Flight t e s t s  have indicated t h a t  i f  a su f f i c i en t  

L 

The r e s u l t s  of recent NASA studies have suggested t h a t  the low 
Mach number p a r t  of the damage-area boundary, as represented by the 
dashed l i n e  i n  f igure 4, i s  unstable and i s  sensi t ive t o  atmospheric 

damage-area boundary, as represented by the so l id  l i ne ,  w a s  noted t o  
be r e l a t i v e l y  s table  and i s  not very sensit ive t o  changes i n  the atmos- 

procedure t o  avoid the damage area i s  the one shown i n  the  left-hand 
side of figure 4 since the nearest approach t o  the damage region occurs 
where i t s  boundary i s  most s tab le .  On the other hand, the steep-climb 
procedure involves a close approach t o  the  damage area i n  the region 
where i t s  boundary i s  unstable. The implications here are tha t  atmos- 
pheric conditions such as strong t a i l  winds and/or temperature inver- 
sions might tend t o  neutralize any benefits  a t ta ined as a r e s u l t  of the 
steep-climb procedure. Atmospheric variations would present no problem 
i n  t h e  leve l - f l igh t  acceleration procedure. 

b wind and temperature gradients. The high Mach number p a r t  of the 

. pheric conditions. These r e s u l t s  suggest that  the most r e l i a b l e  f l ight 

For a given s i ze  airplane,  only small benefi ts  would be gained 
from changing i t s  shape t o  reduce the boom i n t e n s i t i e s .  Thus, the 
p r a c t i c a l  solution t o  the sonic-boom problem l i e s  i n  the  manner of 
operation of the a i r c r a f t .  With regard t o  a i r c r a f t  operation, two 
addi t ional  statements can be made, Deceleration from cruise speed 
should be made a t  as high an a l t i t u d e  as possible, and steep descent 
angles a t  supersonic speeds should be avoided. A n y  rad ica l  departures 
from steady-level f l i g h t  conditions during any of the supersonic por- 
t i ons  of the f l i g h t  should a l s o  be avoided since these may lead t o  
intense sonic booms over localized areas on the ground. 

7 

. 
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CONCLUDING REMARKS 

From a summary of the  engine, boundary layer,  and shock-wave noise 
problems, it i s  obvious tha t  noise considerations w i l l  have an important 
bearing on the  choice of the  s t ructure ,  the power plant ,  the  aerodynamic 
configuration, and the  operating pract ices .  These noise problems should 
thus be considered ear ly  i n  the design stage of the  airplane since the  
means f o r  solutions t o  these problems w i l l  need t o  be integrated closely 
in to  the overal l  design of the airplane.  

t 
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111. STRUCI'URES AND MATERIALS P R O ~ M S  ASSOCIATED 

WITH SUPERSONIC TRANSPORTS 

By Eldon E. Mathauser 

Some of the specific structural and materials problems associated 
with supersonic transports are noted below: 

(1) Type of construction 

(2) Available materials 

( 3 )  General problem areas 
(a) Fatigue 
(b) Creep 

(4) Special problem areas 
(a) Air conditioning 
(b) Construction costs 

Before these problems are discussed a brief review of the magnitude 
of the structural temperatures that will be encountered in supersonic 
flight will be made. Figure 1 indicates the structural temperatures 
that will be encountered in level flight for different Mach numbers at 
an altitude of 70,000 feet. 
station 1 foot back of the leading edge and 100 feet back of the leading 
edge are indicated by the upper and lower curves, respectively. 
that at M = 2, the structural temperature at the 1-foot station is 
slightly in excess of 20O0 F (the boiling point of water), at 
the temperature is almost woo F, and at 
temperature exceeds 8ooo F. 
1-foot and 100-foot stations is approximately 40° F at 
M = 3, and 120° F at 
perature of 300' F. In past preliminary studies, some temperature 
between 300° F and 350' F has often been considered to be the maximum 
operating temperature for aluminum-alloy structures, corresponding to a 
Mach number range of 2.3 to 2.5. 
materials such as titanium alloy or stainless steel would be required for 
the aircraft structure. However, as will be noted later, a temperature 
approaching 350° F for aluminum alloys is tolerable only if the total 
time at temperature is short. 

application to the structure of the supersonic tsranspc?rti 
two types will be considered to see how structural weight varies with 
temperature. In figure 2 the variation of weight with temperature is 
shown for the familiar skin-stringer type of construction. 

Temperatures that will be encountered at a 

Note 

M = 3 
M = 4 the maximum structural 

The difference in temperatures between the 
M = 2, 80' F at 

The horizontal tick mark indicates a tem- M = 4. 

Above this temperature range other 

t 

c Various types of construction have been investigated for possible 
In this - n m n o v  r-y-* 

The materials 
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considered are aluminum alloy, titanium alloy, and stainless steel. 
(See refs. 1, 2, and 3 . )  
of aluminum-alloy construction at room temperature. The curves are 
applicable to low values of structural Index representative of the 
values associated with the supersonic transport. The lowest curve, 
shown by the dashed line, is applicable to beryllium and is shown for 
comparison purposes only. (See ref. 4.) The vertical dashed line is 
included to indicate the temperature associated with M = 3.  

All weights are shown relative to the weight 

The curves shown in figure 2 are calculated on the assumption that 
the structure fails by buckling. They indicate that aluminum permits a L 
lighter structure than titanium or stainless steel until the temperature 9 
is quite high. However, this conclusion must be modified heavily in 4 
practice, as will be shown subsequently. 1 

Figure 3 shows similar weight curves for sandwich-type structures, 
It should again relative to an aluminum structure at room temperature. 

be noted that the best sandwich structure at room temperature (which 
defines unit weight in fig. 3) does not have the same weight as the best 
skin-stringer structure; consequently, the curves of figures 2 and 3 are 
not directly comparable. 
ating temperatures can be deduced from the figures. 
assumed for figure 3, it is evident that aluminum alloy gives structures 
several times heavier than titanium or stainless steel at speeds well 
below M = 3 .  Even at room temperature, the aluminum-alloy structure 
is somewhat heavier than the others. 

In a comslete transport structure, approximately half of the material 
may tend to fail in tension rather than by buckling. 
the material, the curves of figure 3 are more nearly applicable than 
those of f igure 2. 
num is not so efficient structurally as is suggested by figure 2. 

Only the increase in weight for higher oper- 
For the conditions 

Relative to figure 2, the following observation should be made. 

For this part of 

Thus, in a complete skln-stringer structure, alumi- 

Figures 2 and 3 show that only a moderate weight penalty is Incurred 
by a change from room temperature to 800' F, regardless of type of con- 
struction (skin-stringer or sandwich), for either titanium or stainless 
steel, For aluminum, on the other hand, large weight penalties may be 
incurred. More detailed studies indicate that these penalties would be 
incurred at speeds well below M = 3 

The lowest curve in both figures, shown by the dashed line, is 
applicable to beryllium. It is of interest to note that for both types 
of construction considered, beryllium structures indicated the least 
weight over the entire temperature range considered. It should be men- 
tioned that even though beryllium structures possess an apparent weieht 
advantag;! over structures fabricated from other materials, widespread 
use of this material may not occur because of several factors. 
these factors i s  scarcity. 

except in special cases. 

One of 
Scarcity coupled with high fabrication costs 

1 



may limit its use in many structural applications. Another factor, 
toxicity, is of concern. Toxicity would require special precautions 
with respect to maintenance and structural repairs. Toxicity may also 
be a problem for a beryllium aircraft in the event of a crash followed 
by fire. 

airplanes, for which only a short life is required, or to supersonic- 
dash types which spend only a small fraction of their lives at the design 
temperature, For commercial transports, however, a life of 30,000 hours 
is generally considered as a minimum goal, and most of this life w i l l  be 
spent at the design temperature. 
aluminum alloy deteriorates steadily with long-time exposure to tempera- 
ture. 
strength has dropped to approximately 53 percent of the room-temperature 
value. 
to exposure under these conditions, so far as is known, and can readily 
give twice as high a structural efficiency. 

struction that have been discussed. It can be shown, in general, that 
sandwich construction leads to lower structural weight than skin- 

(See ref. 5 and 6.) 
to structural weights that are 50 to 75 percent of the weight of skin- 
stringer construction. 
possesses a significant weight advantage over skin-stringer construc- 
tion, the use of sandwiches may be limited for several reasons. 
the cost of sandwich construction I s  considerably higher than that of 
the skin-stringer type. Additional details regarding construction costs 
will be discussed later. Furthermore, because of limited usage to date, 
it is not known whether sandwich construction possessee the reliability 
and serviceability that exists with skin-stringer construction, and the 
full theoretical gain cannot be achieved i n  practice because of dlffl- 
culties of joining pieces. The selection of the particular type of 
construction is expected to be made not only on the basis of structural 
weight but also on the basis of cost, reliability, ease of inspection 
and maintenance, surface smoothness, fatigue life, and various other 
factors. 

The curves shown in figures 2 and 3 are applicable to experimental 

Figure 4 shows that the strength of 

The curve shows that after 30,000 hours at 350° F (M = 2 .5 )  the 

Stainless steel and titanium alloy suffer no deterioration due 

A few comparisons will now be made between the two types of con- 
9 

I stringer construction for low values of structural or loading index. 
In certain cases sandwich construction can lead 

I '  

Even though sandwich construction generally 

F i r s t ,  

A few c m n t s  will now be made about the remaining problem areas. 

(1) Fatigue 

, These problems are as follows: 

(a) Materials and structures 

t c) Explosive failure b) Sonic (noise) fatigue 
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(3 )  Air conditioning 

(4) Construction costs 
(a) Skin-stringer ( 
(b) Sandwich plate 

Fatigue is perhaps the most important structural problem associated 
with present-day aircraft. (See ref. 7. ) Increasing aircraft speeds 
into the supersonic range is expected to compound the complexity of 
the fatigue problem (including sonic fatigue) because an additional 
parameter, temperature, is introduced. Comparatively little informa- 
tion is available on the fatigue behavior of materials at elevated 
temperature and practically no information is available on fatigue of 
aircraft structural components. Research into this field will undoubt- 
edly accelerate when the environmental conditions and types of con- 
struction are more clearly defined. One problem associated with fatigue 
that will continue to be of concern is the problem of explosive failure 
of pressurized fuselages. 
ture has been underway for several years. 
have been made to extend the knowledge to the temperatures associated 
with the supersonic transport. 

Research into this problem at room tempera- 
Very few studies of this type 

Creep, in general, is not expected to be a problem of major con- 
cern in supersonic transports for titanium-alloy or stainless-steel 
construction. NASA studies have shown that creep will not occur at 
the working stresses to which the structures will be subjected at ele- 
vated temperatures. The exception to this may occur if aluminum-alloy 
structures are used at temperatures above 300° F for long periods. 
(See ref. 8.) 

L 
9 
4 
1 

Air conditioning will be of special concern in flight at super- 
sonic speeds. Special attention to insulation and air conditioning of 
spaces for the passengers, crew, and cargo will be required, and at the 
high Mach numbers heat-protection systems for the fuel may be necessary. 
If conventional insulation and air-conditioning systems are employed to 
maintain cabin temperature at, say, TO0 F, sufficient weight may be 
involved to effectively increase fuselage weight as much as 50 percent. 
New concepts in maintaining satisfactory temperatures within the air- 
craft are being considered and these indicate that efficient and rela- 
tively lightweight cooling systems may be obtained. 

1 
One of the major items of concern regarding the supersonic trans- 

port is construction cost. 
here. 
sandwich-plate construction. 
ventional aluminum alloys costs approximately $25 per pound of structure. 

Two types of construction have been discussed 

Skin-stringer construction utilizing con- 
3f these, the skin-stringer type is considerably cheaper than the 
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For sandwich construction u t i l i z i n g  brazed honeyconib t h i s  cost  may 
approach $200 per pound of s t ructure .  
i n  construction costs, many studies w i l l  be needed t o  determine the 
type of construction t o  be used. The high cost of sandwich construc- 
t i o n  coupled with the substant ia l  saving i n  s t ruc tura l  weight w i l l  be 
compared w i t h  cheaper methods of construction that, r e s u l t  i n  increased 
s t ruc tu ra l  weights. A t  the present t i m e  it cannot be said which type 
of construction w i l l  be favored. The predicted overal l  econoay of the 
a i r c r a f t  w i l l  obviously be a major factor i n  the  select ion of the type 
of construction. 

Because of such large differences 
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IV. STRUCTURAL LOADS ON SUPERSONIC TRANSPORTS 

By Thomas L. Coleman 

The structural design of supersonic transports will require con- 
sideration of loading conditions which are somewhat more severe than 
those associated with present transports. As an illustration, figure 1 
shows some of the major differences between the design conditions for 
the two types of transports. 
pressures for which the supersonic jet must be designed will be two to 
three times the design values for current transports. 
may be twice that of current airplanes. 
of either aluminum or steel, will constitute a new loads design area for 
transports. In addition, the change In configuration from the subsonic 
flexible-winged vehicles having distributed wing weight in the form of 
fuel and engines to the slender vehicles having most of the,weight con- 
centrated along the f’uselage will have a major bearing on the loads 
design. 

The altitude, Mach number, and dynamic 

Design weight 
The advent of the hot structure, 

The ultimate and fatigue strength which must be provided in order 
to insure the structural integrity of the supersonic transport under 
the conditions shown in figure 1 will depend, of course, upon the loads 
which are likely to be experienced during the lifetime of the airplane. 
At present, there are a number of problems which need study in order 
that these loadings can be reliably estimated. Some of the areas which 
require consideration are as follows: 

(1) Gusts 

(2) Maneuvers 

( 3 )  Ground loads 

(4) Flutter and buffet 

(5) Pressurization 

(6) Design and operating speeds 

t Relative to the gust loads, the major problems concern (1) the tur- 
bulent environment at high altitude, (2)  airplane slowdown and turbu- 
lence avoidance capabilities, and (3)  airplane response characteristics 
to rough air. 
and intensity of rough air at high altitude, Additional research will 
be required, therefore, in order to define better the gust environment 
for the supersonic jet, Of particular interest is the turbulence asso- 
ciated with the Jet stream and the mountain-wave phenomenon. 

At present, ordy limited data are available on the amount 
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I n i t i a l  s tudies  indicate  t h a t  a t  low a l t i t udes  and subsonic speeds 
the supersonic j e t  w i l l  have slowdown capabi l i t i es  comparable t o  sub- 
sonic j e t s .  However, operation a t  reduced speed while t ravers ing exterl- 
s ive  areas of turbulence w i l l  increase f u e l  consumption t o  such an 
extent t ha t  the slowdown procedure may not be operationally feasible. 
A t  cruising speeds, the supersonic t ransport  cannot e f fec t ive ly  slow 
down. Although it i s  f e l t  t h a t  t h i s  s i t ua t ion  may not be too serious 
because of the  apparent infrequency of severe turbulence a t  high a l t i -  
tude, additional s tudies  of the slowdown concept f o r  supersonic a i rplanes 
w i l l  be required t o  clarif‘y the s i tua t ion .  

L 
The gust response charac te r i s t ics  of configurations fo r  supersonic 9 

j e t s  my  be quite d i f fe ren t  from the charac te r i s t ics  of present t rans-  4 
por t s  as regards both ve r t i ca l  and horizontal  gusts. Questions here con- 2 
cern both the r i g i d  body and f lex ib le  response modes and, i n  par t icu lar ,  
the  f lexible  responses of the fuselage, I n  order t o  determine how these 
response charac te r i s t ics  vi11 a f fec t  the gust loads, f l i g h t  t e s t s  of 
supersonic airplanes,  ana ly t ica l  studies,  and, possibly, wind-tunnel 
tests w i l l  be required. 

The maneuver loads imposed on the airplane during routine operational 
f l i g h t s  and during p i l o t  and airplane check flights w i l l  undoubtedly con- 
t inue  to  be a major pa r t  of the t o t a l  loads experienced. The operational 
maneuvers w i l l  depend t o  some extent on t h e  manner i n  which the t ransport  
i s  integrated i n t o  the  a i r  t r a f f i c  system, Likewise, more extensive use 
of f l i gh t  simulators and greater  re l iance  on ground checkout of the  air- 
plane could Influence the number of maneuvers experienced during p i l o t  
and airplane check f l i g h t s .  
not appear t h a t  maneuver loads fo r  the  supersonic t ransport  w i l l  be dif-  
ferent  from present experience with subsonic j e t s .  

c 

F’rom the overal l  viewpoint, however, it does 

Relative t o  ground loads, there  a re  indications t h a t  the  supersonic 
transport  w i l l  a t t a i n  higher speeds on the  runway and may have higher 
sinking speeds than current jets. 
loads which w i l l  accompany these higher speeds w i l l  be somewhat more 
severe than those experienced by current t ransports .  

It may be expected t h a t  t he  airplane 

F lu t te r  and buffet ing w i l l  remain as problems t o  be considered i n  
design and w i l l  require close a t ten t ion  so  as not t o  l i m i t  unduly the  
speed and maneuvering capabi l i t i es  of the  supersonic j e t ,  Increased 
pressurization loads w i l l  r e s u l t  from the higher operating a l t i t u d e  and 
w i l l  magnify the problem of insuring the  s t ruc tu ra l  i n t eg r i ty  of the  
cabin. 

. 
The se lec t ion  of s t ruc tu ra l  design speeds f o r  t he  rough-air, cruise,  

and dive conditions and the  def in i t ion  of operational speeds, such as the  
normal operating and never-exceed speeds, w i l l  become more complicated 
because of the  increased speed ranges and the increased emphasis placed 
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on optimum speeds. I n  t h i s  regard, it appears t ha t  the current concept 
of defining design and operational speeds w i l l  have t o  be reexamined i n  
the l i g h t  of the supersonic j e t  slowdown capabi l i t i es ,  the e f f e c t  of 
off-optimum speeds on performance, and the speed l imi ta t ions  imposed by 
the  engines. 

Although there  are many unknowns i n  loads study, some preliminary 
estimates of the f:Light and ground loads have been made t o  obtain an 
indicat ion of the general l eve l  of loadings which may be expected. 
ure 2 shows a comparison of the estixmted gust accelerat ions fo r  super- 
sonic and subsonic j e t s .  
accelerat ions per mile of f l ight  and the abscissa scale  gives the gust 
accelerat ion increment. 
shown i n  part I by Mark R. Nichols were used together with the  conven- 
t i o n a l  gust  equation t o  estimate the accelerations fo r  the supersonic 
j e t .  
t i ons  f o r  the two types of j e t s  will be about equal. Another point of 
i n t e r e s t  i s  that ,  t o  the extent t h a t  the accelerat ions can be taken as 
a measure of r id ing  comfort, t h e  two transports a r e  comparable. 

Fig- 

The ordinate scale i s  the average number of 

The canard configuration and f l i g h t  p r o f i l e  

Based on t h i s  simple analysis,  it appears t h a t  the  gu3t accelera- 

The determination of fa t igue l i f e  for  the supersonic t ransport  w i l l  
be even more d i f f i c u l t  than it i s  fo r  present t ransports  due i n  part t o  
complication6 associated with elevated s t ruc tu ra l  temperatures. As a 
first approach t o  examining the fat igue problem, however, crude e s t i -  
mates of the r e l a t i v e  fa t igue  damage t h a t  w i l l  be caused by maneuvers, 
gusts,  and ground loads have been made and are  shown i n  figure 3.  I n  
making these estimates the e f f e c t s  of elevated temperature on the 
fa t igue  l i f e  were ignored. 
t o t a l  fa t igue  damage i s  ascribed t o  maneuvers, 50 percent t o  gusts,  and 
10 percent t o  ground loads. 
comparable t o  tha t  which has been estimated f o r  a subsonic j e t ,  except 
f o r  the increase indicated fo r  ground loads. 

On t h i s  basis, about 40 percent of the  

Th i s  d i s t r ibu t ion  of fa t igue  damage l a  

The e f f e c t  of elevated temperatures on the  estimates i n  f igure 3 
i s  not known. It w i l l  depend t o  some extent, however, upon the  per- 
centage of t o t a l  loads which occur while the s%ructure i s  hot. A t  
present, it i s  estimated that  l e s s  than 25 t o  30 percent OS the  gust 
and maneuver loads w i l l  occur a t  high temperature. 
ges t s  that the overal l  fa t igue  l i f e  may not be s ign i f icant ly  affected 
by the elevated temperatures. 
however, t o  reach a concluaion. 

This  estimate sug- 

Additional research w i l l  be required, 

I n  summary, the  s t ruc tu ra l  loads design of the supersonic t rans-  
por t  w i l l  encompass loading conditions which a re  more severe than those 
f o r  current t ransports .  
w i l l  reqdire 8dd.it ioml s t u d y  i n  order t o  insure the  a t ruc tu ra l  i n t eg r i ty  

A number of load problem areas  e x i s t  which 
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of the supersonic transport  as regards both ultimate and fat igue 
strength. Prominent among these problems are (1) the e f f e c t s  of ele- 
vated temperature on fat igue l i f e ,  (2)  the  response character is t ics  of 
the new configurations t o  rough air ,  and ( 3 )  the  def in i t ion  of struc- 
tural design speeds. 
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GUST ACCELERATIONS 

Figure 2 
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V. FLYING QUALITLFS OF SUPERSONIC "ISPORTS 

By Ralph W . Stone, Jr . 
In view of the available information on the requirements for sat- 

isfactory flying qualities of current aircraft (see refs. 1 to 3 )  a 
review of these requirements is not necessary at this time. However, 
inasmuch as man is relatively unchanging in this age of revolutionary 
technological changes, his opinions concerning satisfactory flying 
qualities and aircraft characteristics significant to satisfactory 
flying qualities will be the same (or nearly so) for supersonic trans- 
ports as they are for current aircraft. 
differences between prospective supersonic transports and current trans- 
ports and the effect of these differences on the flying qualities of the 
supersonic aircraft are discussed herein. 
is a very basic element of its flying qualities and, for brevity, the 
comments herein will be confined to this aspect of flying qualities. 

Thus, only certain significant 

The stability of an aircraft 

Because of the complex nature of airplane stability, the following 
symbols will be useful to an understanding of the results: 

span, ft 

mean aerodynamic chord, ft 

number of cycles for oscillation to damp to one-half amplitude 

lift coefficient, Lift force 
qs 

rolling-moment coefficient, Rolling moment 
qSb 

Pitching moment pitching-moment coefficient, 
qs'c 

yawing-moment coefficient, Yawing moment 
qSb 

side-force coefficient, Side force 
(4s 

acceleration of gravity, 32.17 ft/sec2 



46 

%X 

'Y 

IZ 

M 

P, q,r 

q 

S 

V 

v 
U 

P 

P 

9 

moment of i n e r t i a  about X pr incipal  body axis, slug-ft2 

moment of i n e r t i a  about Y pr incipal  body axis,  siug-ft  2 

moment of i n e r t i a  about Z pr incipal  body axis,  s lug-f t  2 

Mach number 

angular veloci t ies  of airplane about X-, Y-, and Z-axes, 
radians/sec 

dynamic pressure, PV 1 2  , lb/sq f t  

wing area, sq f t  

lateral velocity, f t / s ec  

speed, f t /sec 

angle of a t tack  

s ides l ip  angle 

a i r  density, slugs/cu f t  

r o l l  angle 

Derivatives : 

c ,  = - acz 
b r  rb 

2v 
a -  
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The results presented in this paper are for hy-pothetical aircraft 
for which the dimensional, mass, and inertia characteristics and operating 
conditions are shown in table I. The aerodynamic data used (tables I1 
and 111) are from wind-tunnel tests and computations for configurations 
similar to current reciprocating-engine transports, current jet trans- 
ports, and, of course, prospective supersonic transports. 
aircraft probably have stability characteristics that are somewhat dif- 
ferent than shown, but for the comparative purpose of this paper the 
model and computed data are considered adequate. 

Actual current 

The longitudinal dynamic stability (ref. 4) shown herein is based 
on two-degree-of-freedom calculations of the short-period motions. 
long-period or phugoid motions are not considered in this paper. 
lateral dynamic stability (refs, 5 and 6) shown herein is based on the 
three degrees of lateral-directional freedom. Only data for the Dutch 

The 
The 
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r o l l  o sc i l l a t ion  a re  shown. 
sented, although fu ture  more-detailed s tudies  must consider these f ac tow 

The s p i r a l  and r o l l i n g  modes are not pre- 

I n e r t i a  coupling ( r e f s .  7 and 8) between the longitudinal and la t -  
eralrnodes of motion and aerodynamic coupling, including that  of control 
deflection, a re  a l so  not included although they may be s igni f icant  i n  
any f i n a l  design of both the airplane and the damping systems. Non- 
l i n e a r i t i e s  i n  aerodynamic charac te r i s t ics  such as might occur i n  low- 
speed f l i gh t  a t  large angles of a t t ack  are not included but may have 
s ignif icant  influence on the  a i r c r a f t  f ly ing  qua l i t i es .  

The f i rs t  element of s t a b i l i t y  i s  the aerodynamic s t a b i l i t y  of the 

as func- 

A very d r a s t i c  

a i r c r a f t .  
a t t a c k  C,, and the yawing moment due t o  s ides l ip  angle 
t ions  of Mach number. 
have been considered as possible supersonic t ransports .  
var ia t ion of these s t a b i l i t y  der ivat ives  through the Mach number range 
i s  noted. The var ia t ions shown here a re  i n  a large p a r t  the  r e su l t  of 
l if t-curve-slope reductions with increasing supersonic speed, which a re  
common t o  a l l  aerodynamic surfaces. A l l  s t a b i l i t y  der ivat ives  generally 
w i l l  be affected i n  a similar manner. Clearly then any fixed-geometry 
supersonic a i r c r a f t  w i l l  experience la rge  var ia t ions i n  aerodynamic sta- 
b i l i t y  throughout the speed range. Another point t o  be noted i n  f igure 1 
i s  the appreciable reduction of 
below i t s  value ex is t ing  subsonically. 

I n  figure 1 are  shown the pi tching moment due t o  angle of 

These r e s u l t s  a r e  typ ica l  fo r  configurations t h a t  
CnP 

, 
Cnp, a t  a cruis ing Mach number of 3, 

The aerodynamic s t a b i l i t y  charac te r i s t ics  a re ,  however, only a pa r t  
of the s t a b i l i t y  picture .  The f l i g h t  conditions, pa r t i cu la r ly  the  high 
a l t i t udes  t o  be used, and the d i s t r ibu t ion  of the weight i n  the airplane 
a r e  factors which combine w i t h  the  aerodynamic s t a b i l i t y  der ivat ives  t o  
make the dynamic s t a b i l i t y  of the airplane.  

I n  f igure 2 a re  shown the differences i n  weight d i s t r ibu t ion  i n  
t h e  prospective J e t  t ransports  as compared w i t h  current j e t s  and 
reciprocating-engine t ransports .  
prospective supersonic t ransports  and current j e t  t ransports  compared 
wi th  kalues fo r  current reciprocating-engine t ransports .  

Shown a re  r e l a t i v e  values f o r  the 

Because of the necessity fo r  slenderness i n  construction f o r  super- 
sonic a i r c r a f t ,  the weight of the supersonic t ransport  w i l l  be d i s t r ib-  
uted much d i f fe ren t ly  than t h a t  of current t ransports .  
i ne r t i a  Ix 
the  moment of i n e r t i a  IY 
l age)  w i l l  be much greater ,  and w i l l  be a l s o  considerably l a rge r  
than fo r  current t ransports .  
tendency t o  cause de te r iora t ion  of t he  l a t e r a l  dynamic s t a b i l i t y ,  and 

The moment of 
( the  d i s t r ibu t ion  of weight along the wings) may be l e s s ,  

( the d i s t r ibu t ion  of weight along the  fuse- 

Iz 
Relative changes of t h i s  nature have a 
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the greater magnitudes of the moments of inertia cause motions and 
responses to be more sluggish. 

The last factor shown in figure 2, the relative density (an effec- 
tive ratio of the airplane's density to the density of the air in which 
it is flying), is most significant to dynamic stability. The larger it 
is, the less stable is the airplane. 
the altitude directly affects it. 
flight where the supersonic transport flys at altitudes 2 to 3 times 
higher than do existing transports. A t  comparable altitudes, as in 
landing-approach conditions, the relative density will be only about 1 to 

A s  this factor is a density ratio, 
The differences shown are for cruising 

1L times larger for the supersonic transport than for current transports. 
2 

The effects of these various differences on the dynamic longitudinal 
stability characteristics for current aircraft and the prospective jet 
transports are shown in figure 3 .  Here is plotted the damping of the 
short-period longitudinal motion (in terms of the reciprocal of cycles 
to damp to 1/2 amplitude) as a function of the period of the motion. 
Moving upward on the chart leads to more satisfactory stability. The 
chart is divided into areas of unsatisfactory, acceptable, and satis- 
factory regions. 
fications (ref. 9) which are in reasonable accord with NASA information 
and opinions. 

The regions shown are based on current military speci- 

Shown for comparison are points representing current reciprocating 
transports (the squares), current jets (the triangles), and a hy-potheti- 
cal supersonic transport (the circles). 
flight and the solid symbols are for low-altitude, low-speed flight. 
Current reciprocating-engine transports are satisfactory for all realms 
of flight. 
and not satisfactory in cruising flight. The supersonic transport is 
lower still in the chart in cruising flight, approaching the unsatis- 
factory region, so that a potential, if not almost certain, need for 
automatic pitch damping is indicated. Although for low-altitude, low- 
speed flight the supersonic transport may lie in the satisfactory region, 
the period is so large (13 seconds) that it may be of considerable 
annoyance and may require special alertness in flight. , 

Open symbols are for cruising 

Current jets are less well damped and appear only acceptable 

The dynamic lateral stability also presents challenging problems, 
as is shown in figure 4. Here again is plotted damping where, as in 
figure 3,  moving up the chart indicates more satisfactory stability. 
The abscissa is the ratio of the bank angle 
v, increasing values of which are less desirable. 

9 to the lateral velocity 

Shown are boundaries which divide the chart into areas of intoler- 
able, tolerable, and satisfactory characteristics. Tolerable means 
primarily a condition which would be accepted only in emergencies, as 

, 



when automatic damping fails. 
military specifications which are in reasonable accord with NASA informa- 
tion and opinions. 

The regions shown are based on current 

Shown in figure 4 are data for current reciprocating-engine trans- 
ports (the square symbols) that are satisfactory in cruising and in 
low-speed, low-altitude flight and for current jets (the triangular 
symbols) that are barely satisfactory in cruising flight although some- 
what better in low-speed flight. 

Because of the extreme dependence of lateral stability on the 
specific configuration, two sets of points are shown in figure 4 for 
the prospective supersonic jet transports. These represent roughly 
practical extremes of characteristics which are possible for these air- 
craft. The stability in cruising flight w i l l  
not be acceptable without automatic damping. The flagged symbols in 
figure 4 represent conditions with automatic damping and show that sat- 
isfactory conditions can be obtained. For the condition on the right, 
however, an excessive amount of automatic damping is required to attain 
satisfactory stability. In low-altitude, low-speed flight, conditions 
are somewhat better for the supersonic transport but automatic damping 
still appears to be a requisite f o r  satisfactory flying qualities. As 
no fixed-geometry supersonic aircraft can have compatible aerodynamic 
stability characteristics throughout its speed range, no aircraft can 
have compatible dynamic stability characteristics throughout its range 
of operating conditions (including altitude) unless automatic damping 
and/or control is used. 

(See tables I to 111.) 

In sumtoary, no fixed-geometry supersonic transport can have com- 
patible aerodynamic stability characteristics throughout its speed 
range. Furthermore, the flying qualities, through their intimate 
dependence on dynamic stability, will vary greatly throughout the flight 
envelope. 
required for supersonic jet transports. 

Automatic damping about all three axes w i l l  probably be 

During future development programs, investigations must be made of 
the aerodynamic stability and of methods to improve it that are compati- 
ble vith performance requirements. Studies of simple and reliable auto- 
matic damping systems of course must also be performed. 
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2,520,000 

8,360,000 
6,000,000 

. 

1,000,000 

10,750,000 
io ,  ooo , ooo 

TABLE I.- DIMENSIONAL, MASS, AND INERTIA 

CHARACTERISTICS AND FLIGHT CONDITIONS 

20,000 

0.001267 

Weight, lb . . . . .  
Ix, slug-ft2 . . . .  
Iy, slug-ft2 . . . .  
Iz, slug-ft2 . . . .  
W/S, lb /sq  f t  . . .  
s, sq f t  . . . . . .  
b, f t  . . . . . . .  
Maximum cruising 

al t i tude,  f t  . . .  
A i r  density, p, 

Cruising speed, 
slugs/cu f t  . , . 
f t /sec . . . . . .  

35,000 

0.000737 

Current 
reciprocating 

engine 

Current 
j e t  

1 
I 

128, 000 
1,500 , 000 

880,000 
2 , 300 , 000 

80 
1,600 

120 

270,000 
3 ,  050,000 
2, 995 , 000 
6 , 000,000 

96 
2,800 
140 

Supersonic 
J e t  



Derivative 

C L . .  . . . .  
c-.. . . . .  
c m q . .  . . . .  

c z p . .  . . . .  
c z p . .  . . . .  

C n r * m . e . .  

cy p . . . . . .  

. . . . . .  Cnp 

c . . . . . .  
"P 

c l r ' .  . I . .  

Current Supersonic Current 
reciprocating 

engine Jet J et 

0.15 0.063 0.024 
-0.024 -0.029 -0.0015 

-3 0 -16 -4.8 

-0.016 -0.025 -o.oo@ -0.0087 
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V I ,  RUNWAY AND BRAKING REQUIRFMEXTS 

By Joseph W .  Wetmore 

One of the important f ac to r s  t o  be considered f o r  a supersonic 
t ransport  airplane i s  the runway requirement. An indication of the 
runway lengths required f o r  supersonic transports,  as presently envis- 
aged, and a comparison with the requirements f o r  the present j e t  trans- 
por t s  a r e  given i n  f igure 1. Runway length i s  plot ted against take-off 
speed. Curves a r e  shown fo r  different  thrust-weight r a t i o s .  The solid- 
l i n e  curves represent a family of Eupersonic transports,  of the canard- 
d e l t a  ty-pe, assumed t o  be powered by six engines, and the dashed-line 
curves a r e  fo r  a family of four-engine subsonic j e t  transports.  Values 
of runway length are based on current Civil  A i r  Regulations (CAR SR422B) 
fo r  turbine transports i n  which the balanced f i e l d  concept i s  used 
and hot-day, no-wind conditions are assumed. The shaded area i n  
the right-hand p a r t  of the f igure indicates the  probable operating 
region of supersonic t ransports  i n  terms of speed and thrust-weight 
r a t i o  or  acceleration. The area i n  the left-hand pa r t  of the figure 
indicates  the approximate operating conditions of the subsonic j e t s .  
Note that take-off speeds fo r  the supersonic t ransports  are expected 
t o  be appreciably higher than take-off speeds f o r  the subsonic trans- 
por t s  because of the poorer l i f t  development capabili ty of the super- 
sonic wing configuration. 
assumed f o r  take-off and landing. 
off speeds f o r  supersonic t ransports  w i l l  be i n  the range of 175 t o  
190 knots as compared with 135 t o  1-50 knots f o r  the subsonic Jet  t rans-  
ports.  The e f f ec t  of the re la t ive ly  high take-off speed of the super- 
sonic transport  on the runway length requirement i s  largely o f f se t ,  
however, by higher acceleration i n  the take-off, resu l t ing  from the 
greater thrust-weight r a t i o  inherent In a supersonic t ransport ,  
indicate that the thrust-weight r a t i o  fo r  a supersonic transport  must 
be a t  least 0.3; whereas, present J e t  transports operate w i t h  thrust-  
weight r a t i o s  of 0.2 or l e s s ,  
required f o r  a supersonic transport  w i l l  tend t o  be somewhat longer - 
possibly 1,000 t o  1,500 f e e t  - than for the present j e t  transports,  
f o r  equivalent mission capabi l i t ies .  

A usable l i f t  coeff ic ient  of 0.73 i s  
A s  indicated i n  figure 1, the take- 

Studies 

The net r e s u l t  i s  that runway lengths 

Runway length requirements f o r  landing a r e  indicated i n  f igure 2. 
The landing runway length, again determined i n  accordance with current 
Civi l  A i r  Regulations, i s  plot ted against landing speed. 
applies t o  both the supersonic and subsonic J e t  t ransports  with the 
assumption t h a t  braking capabi l i t ies  are the same f o r  both. 
i n  t he  take-off, the  landing speed i s  expected t o  be somewhat higher 
f o r  the supersonic than fo r  the subsonic airplane because of the infe- 
r i o r  l i f t  character is t ics  of the supersonic configuration. However, 
the speed difference i s  not as large as f o r  take-off, because, with a 

The same curve 

Here, as 
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greater proportion of i t s  take-off weight i n  fue l ,  the supersonic trans- 
port  should be more l i g h t l y  loaded a t  landing than i t s  subsonic counter- 
ps r t .  A s  indicated i n  figure 2, the higher landing speed w i l l  r e s u l t  i n  
a moderate increase i n  landing runway length f o r  supersonic t ransports  
o f t h e  canard-delta type over t h a t  f o r  the subsonic je ts  of about t h e  
sane magnitude as f o r  t he  take-off. 

Apart from runway length, other requirements must be considered f o r  
runways and taxiways expected t o  accommodate supersonic transports.  One 
of these requirements i s  adequate load-bearing capabili ty.  The super- 
sonic transport i s  expected t o  have a gross weight variously estimated 
t o  be from 30 t o  100 percent more than the subsonic j e t  transports;  thus, 
present runways may have t o  be strengthened. Another factor  that w i l l  
need consideration i s  the degree of runway roughness t h a t  can be to l e r -  
ated.  An answer t o  t h i s  question w i l l  require s tudies  of the response 
of supersonic transport  configurations t o  runway roughness. 

The higher take-off and landing speeds indicated i n  figures 1 and 2 
f o r  the supersonic transport  may have important implications i n  the  
problem of decelerating the airplane i n  aborted take-off and landing, 
which i s  already a c r i t i c a l  problem with the present j e t  transports.  
For the take-off abort, it i s  estimated t h a t  about 30 percent more 
kinet ic  energy per pound of a i r c r a f t  weight must be dissipated i n  braking 
from the c r i t i c a l  speed f o r  the supersonic transport  than fo r  the sub- 
sonic j e t s .  I n  the less severe but more frequent landing case, the 
energy diss ipat ion required i s  about 15 percent greater  for the super- 
sonic airplane. 
ments, it w i l l  probably be necessary t o  develop improved wheel brakes, 
possibly w i t h  some form of auxi l iary cooling, or  r e so r t  t o  other braking 
devices, such as parachutes, skids, o r  emergency ar res t ing  gears. Work 
w i l l  continue toward improving the low-speed l i f t  character is t ics  of the 
supersonic transport  configurations through such devices as variable 
geometry, improved flaps,  and so for th .  Even a moderate increase i n  
l i f t  capability can have a substant ia l  e f f e c t  i n  reducing take-off and 
landing runway requirements and i n  a l lev ia t ing  the braking problem. 

In  order t o  meet these severe energy absorption require- 
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V I I .  AIRWAY TRAFFIC CONTROL AND OPERATIONS 

By James B. Whitten 

A typical flight profile for a supersonic transport is illustrated 
in figure 1. The initial climb and the transition to supersonic flight 
take place below the altitude level of 40,000 to 45,000 feet where cur- 
rent and future subsonic aircraft will be operating and cover a ground 
distance of 250 miles. 
positive separation will be required either by positive control of all 
traffic in the climb corridor or by collision warning equipment carried 
by the aircraft. 
tude, and distance profile will not be acceptable for fuel economy 
reasons. This positive separation by traffic control will be required 
in visual as well as in instrument flight conditions since flight speeds 
and requirements for very precise control of the flight path will make 
visual separation impossible. The cruising portion of the flight path 
is a cruise climb at a constant Mach number of 3, in which positive sep- 
aration by traffic control will again be required with a possible backup 
of airborne collision warning equipment (ref. 1). Figure 2 shows the 
possibility of providing altitude separation by pressure altimetry. The 
dashed line shows current regulations for minimum altitude sepyation 
against altitude, requiring 1,000-foot separation below 29,000 feet and 
2,000-foot separation above 29,000 feet. 
shows the separation provided by current pressure altimeters. A s  can be 
seen there is presently a small altitude range in which positive separa- 
tion is not provided in 3 out of 1,000 cases. 
"near future" and "future" depict the separation which can be provided 
with Improved instrumentation incorporating null servo-type altimeters 
and improved air-data computer systems. This shows that a vertical 
separation of 1,000 feet will be sufficient to the highest altitudes 
expected for cruise. 
for constant-altitude cruise compared with an optimum altitude cruise, 
a maximum additional take-off fuel weight of about 1 percent of take-off 
gross weight is required, ) With this 1,000-foot separation, 8 traffic 
lanes would be available on each path. 
passengers desire both to depart and to arrive between 0800 and 2400 
local time and that the normal 15-minute separation is provided, 21 round 
trips per day could be made along each lane or a total of 168 daily 
round trips. 

During this climbing portion of the flight, 

Devious flight paths or changes in the speed, alti- 

The solid line labeled "present" 

The two lines labeled 

(Calculation of the penalties involved shows that 

On the assumption that most 

Figure 3 shows the initial distance at which a maneuver must be 
initiated during cruise to provide a 1-mile lateral separation between 
aircraft on a head-on collision course. Two cwves m e  show.: one for 
present subsonic jet aircraft, the other for the Mach number 3 trans- 
port. It can be seen that even for the highest turn rates possible, 
the supersonic aircraft must use some means of detection other than 
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visual.  The 30' bank angle l i n e  i s  shown fo r  reference. 
of 2.5 occurs a t  a bank angle of about 70'. Maneuvering f o r  co l l i s ion  
avoidance may be cost ly  a t  the higher a l t i t udes  since very l i t t l e  excess 
thrust  i s  avai lable  f o r  accelerat ion after the slowdown caused by the 
excess drag i n  maneuvers. 

The load f ac to r  

The approach sequence i s  i n i t i a t e d  400 t o  600 miles from the  des- 
If 

, 

t ina t ion  before the  decelerating portion of the f l ight  i s  s ta r ted .  
the a i r c r a f t  must proceed t o  an a l te rna te ,  t h i s  must be confirmed p r i o r  
t o  the slowdown. Accurate navigational information must be provided 
during the  slowdown and descent t o  allow precise  letdown a l t i t u d e  and 
speed control.  Most e f f i c i e n t  f l i g h t  paths t o  a s t ra ight - in  approach 
and landing w i t h  no delay must be provided t o  reduce the  f i e1  reserve 
requirements t o  an acceptable minimum. Most s tudies  t o  date have 
reduced reserve fue l  requirement considerably below those currently 
allowed by regulatory au thor i t ies .  
control systems would indicate t h a t  some reduction may be feas ib le .  
The reserve requirements w i l l ,  however, t o  a much l a rge r  extent than 
ever before, d i c t a t e  the design of the a i r c r a f t .  

Projected improvements i n  t r a f f i c  

Studies of f u e l  requirements f o r  some f l i g h t  emergencies have a l s o  
Figure 4 shows the e f f ec t  of losing one engine a t  midrange. been made. 

For t h e  4-engine a i r c r a f t ,  4 1  percent of the  reserve fue l  i s  required 
t o  proceed t o  the destination; f o r  the 6-engine aircraft, 24 percent; 
and for t h e  8-engine a i r c r a f t ,  17 percent. If there  were a complete 
and sudden loss  of pressurization, immediate descent t o  an a l t i t u d e  not 
requiring oxygen is not pract icable  since 100 percent oxygen would not 
avoid complete p i l o t  and passenger collapse during the  descent. A 
slower loss of pressure or  other emergency requiring a descent would 
require a midrange a l t e rna te  since the a i r c r a f t  could nei ther  re turn  
t o  the departure point nor proceed t o  the dest inat ion,  

The f u e l  required i n  case of failure of the  automatic f l i gh t  con- 
t r o l  equipment i s  not known since it involves both the  capabi l i ty  of 
the  p i l o t  i n  holding the precise  f l ight  path, t he  precision of the  
information furnished t o  him, and the  e f f e c t  of off-design operation 
on the fue l  required. Failure of the automatic s t ab i l i za t ion  equip- 
ment, par t icu lar ly  the  d i rec t iona l  channel, might be catastrophic s ince 
t h i s  would r e s u l t  i n  intolerably low d i rec t iona l  damping which would 
make it d i f f i c u l t  or impossible for  the  p i l o t  t o  control the  airplane,  
Aerodynamically, the ai rplane w i l l  be capable of holding subsonically 
within the holding pat terns  now specified a t  a l t i t u d e s  above 15,000 feet. 
Below 15,000 f e e t  the holding pat terns  w i l l  probably require slightly 
more area than i s  presently provided. Holding w i l l  be cost ly  from a 
f u e l  standpoint and should be considered as an emergency situation. 
Holding 30 minutes a t  M = 0.8 a t  35,000 f e e t  w i l l  require an addi- 
t i ona l  10 percent fuel or about 20,000 pounds, and a t  M = 0.40 a t  
5,000 f e e t  an addi t ional  12  percent or 22,000 pounds w i l l  be required. 



Figure 5 summarizes the fue l  si tuation. It can be seen tha t  aboL;t 
1/3 of the fue l  i s  used i n  the climb and accelerating portion of the 
f l igh t ,  1/2 i n  the cruise, and only 8 percent of the i n i t i a l  f u e l  or  
17,000 pounds remains on landing. 
i s  seen tha t  take-off fue l  flow is  over X)O,000 lb/hr, climb fuel  flow 
x!th afterburner increases from about 100,000 lb/hr t o  over 200,000 lb/hr, 
6-d cruise f u e l  flow averages about 50,000 lb/hr. 
vided gives l i t t l e  or  no margin for  off-design conditions. 

. 
Looking now a t  the f u e l  flow r a t e  it 

Thus the reserve pro- 

In  summsry, th i s  airplane appears t o  function very much l i k e  a pro- 
j e c t i l e .  
f l ight  path w i t h  l i t t l e  or no delays and with a large degree of depend- 
ence on automatic flight control and s tab i l iza t ion  systems and rapid 
automatic t r a f f i c  control over the ent i re  route. The capabi l i ty  of the 
p i l o t  t o  assume manual control w i t h  the  safety, economy, and schedule 
r e l i a b i l i t y  required of commercial transportation i s  highly question- 
?%le. 
t ions  of a l e s s  c r i t i c a l  nature. 

Once launched it must proceed along a very precisely controlled 

Research i s  i n  progress t o  develop a i r c r a f t  and engine configura- 

REFERENCE 

1. Anon. : A l t i m e t r y .  Paper 215-58/DO-m, Radio Technical Commission 
fo r  Aeronautics, Nov. 1, 1958.' 
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V I I I .  VARIABLE GEOMETRY FOR TRANSPORTS 

By Thomas A. Tol l  

It has been shown that  a reasonable range capabili ty probably can 
be achieved w i t h  a supersonic transport .  There are, however, cer ta in  
c r i t i c a l  aerodynamic problems w i t h  regard t o  landing and take-off char- 
a c t e r i s t i c s ,  the r a t e  of climb a t  subsonic speeds immediately after 
take-off, and the a b i l i t y  t o  cruise or l o i t e r  subsonically w i t h  reason- 
able efficiency. These problems r e s u l t  from the f a c t  that the high 
sweep angles and low aspect r a t i o s  needed t o  achieve the required super- 
sonic performance a r e  not conducive t o  good low-speed aerodynamics. Two 
of the problems mentioned, take-off and subsonic climb, can be a l lev ia ted  
by using high r a t i o s  of t h rus t  t o  weight, but t h i s  does nothing f o r  the 
other problems. Alleviation of a l l  of these problems can be accomplished, 
however, by using some form of variable geometry through which the air- 
plane can be changed i n  f l i g h t  from a highly e f f i c i e n t  supersonic con- 
f igurat ion t o  a t  l e a s t  a reasonably e f f i c i en t  subsonic configuration. 

Figure 1 i l l u s t r a t e s  possible forms of variable geometry applied 
t o  the wing. The conventional trailing-edge f l a p  t h a t  s l i d e s  rearward 
and i s  deflected down t o  increase the l i f t  of the wing i s  a type of 
variable geometry, and, of course, is the log ica l  arrangement f o r  wings 
of large span and narrow chord, For the low-aspect-ratio wings typ ica l  
of supersonic designs, much less can be gained by applying variable 
geometry t o  the wing t r a i l i n g  edge, and a more favorable location i s  
a t  the wing t i p .  
hinging the wing t i p  about a longitudinal axis so  t h a t  the t i p  i s  
drooped i n  high-speed f l i g h t  and i s  extended horizontally f o r  subsonic 
operation. 
the t i p  i n  and out of the inboard pa r t  of the wing. 

One approach, which has been suggested, involves 

Another poss ib i l i ty  might involve telescoping a p a r t  of 

The t h i r d  method, which i s  potent ia l ly  the most effect ive system 
and has been studied i n  most d e t a i l ,  involves hinging the wing panels 
about v e r t i c a l  axes and varying the sweep angle. 
believed t h a t  a serious s t a b i l i t y  problem would be associated with var i -  
able sweep because of the longitudinal t ranslat ion of the center of 
pressure of the wing panels as t h e i r  sweep angle i s  varied. 
programs carried out a t  the Langley Research Center have shorn; however, 
t h a t  it i s  possible t o  lay out an airplane configuration t h a t  does not 
experience serious s t a b i l i t y  changes i n  s p i t e  of the center-of-pressure 
movement. 
been conducted on applications of variable sweep t o  mil i tary a i r c r a f t .  
These along with our more recent studies on t ransports  have shown t h a t  
significant improvements i n  v e r s a t i l i t y  and off-design charac te r i s t ics  
can be realized. 

A t  one time it was 

Research 

Extensive studies, both experimental and analyt ical ,  have 
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Figure 2 shows the s i tua t ion  that e x i s t s  i n  the matter of l i f t  
f o r  take-off and landing. The sol id  curves represent a typ ica l  sub- 
sonic design having w i n g s  of high aspect r a t io .  
representative of low-aspect-ratio supersonic designs. The fiubsonic 
airplane has many advantages. F i r s t ,  fairly large amounts of camber 
and wing incidence can be used so that a subs tan t ia l  increment of l i f t  
ex is t s  even a t  zero angle of a t tack  of the airplane.  Second, the rate 
of increase of  l i f t  w i t h  angle of a t tack i s  substant ia l ly  higher than 
f o r  the supersonic airplane.  Third, because of the large span, 
trailing-edge f l aps  a re  highly effect ive i n  that they provide a Large 
increment i n  l i f t  over the clean configuration. The r e s u l t  i s  t h a t  at 
prac t ica l  take-off a t t i t udes  of 6' t o  loo, e s sen t i a l ly  the en t i r e  l i f t  
potent ia l  of the wing can be realized. 

The dashed curves a re  

t 
The clean supersonic airplane w i l l  y ie ld  reasonably high l i f t  a t  

25' to  30' angle of a t tack.  This lift i s  not considered usable, how- 
ever, f o r  several  reasons: first,  inc l ina t ion  of the  passenger cabin 
t o  these angles would be objectionable; second, a landing gear t h a t  
would allow such incl inat ion would be heavy and cumbersome; and third,  
the aerodynamic drag would be excessively high. It seems, therefore, 
that the allowable incl inat ion of the airplane on the  ground should 
be of the order of t h a t  used fo r  subsonic a i r c r a f t ,  or a t  least not 
greater than about 15'. 
increasing lift i n  the lower angle-of-attack range. 

Thus the problem i s  t o  devise means f o r  

As t o  the use of trailing-edge flaps on supersonic transports,  
it i s  possible that a usable l i f t - coe f f i c i en t  increment of about 0.2 
can be real ized by the use of conventional h igh- l i f t  devices consisting 
of no more than s lo t ted  f laps ,  o r  perhaps f l aps  with moderate boundary- 
layer control. Considerably larger  increments probably can be achieved 
i f  large amounts of blowing (the j e t  f l a p )  a re  accepted. 
dashed curve f o r  the supersonic designs ( f ig .  2) represents w h a t  can 
quite readi ly  be obtained by a form of span extension such as can be 
accomplished by variable sweep and with no trail ing-edge flaps. 
f laps  are used i n  addition t o  the span extension, the  l i f t  can be 
fur ther  increased; however, even without f laps,  l i f t  values somewhat 
higher than those at ta inable  fo r  the bacsic wing with conventional 
trailing-edge f laps  a re  a t ta inable  i n  the angle-of-attack range of 
i n t e re s t .  
sion over the flapped w i n g  i s  that the l i f t  i s  accomplished with l e s s  
aerodynamic d r q  and should, thereby, permit f a s t e r  acceleration i n  
t ake-of f . 

The third 

If 

A n  addi t ional  advantage, not shown here, of the span exten- 

The drag at  l i f t  i s  a primary consideration fo r  problems other 
than take-off and landing - that is, f o r  subsonic climb and the effi-  
ciency of subsonic cruise  and l o i t e r .  
supersonic airplane f a re s  very badly i n  comparison wi th  the  clean 

Figure 3 shows tha t  the clean 
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subsonic airplane with regard t o  drag a t  the higher l i f t  values. The 
span extension tha t  could be achieved by variable sweep reduces the 
drag essent ia l ly  t o  tha t  of the subsonic airplane over a good par t  of 
the l i f t  range. This would be expected t o  give considerably improved 
r a t e s  of cllmb as w e l l  as  reduced f u e l  consumption f o r  subsonic cruise 
o r  f o r  l o i t e r  i n  the landing pattern.  

Studies presently a re  underway on various configurations of super- 
sonic t ransports  using variable geometry. 
is shown i n  figures 4 and 5. T h i s  arrangement would be expected t o  
y ie ld  essent ia l ly  the aerodynamic Improvement shown i n  the previous 
f igures  for  the case of span extension. 
are  s e t  at 670 leading-edge sweep f o r  supersonic f l i g h t  and a re  rotated 
forward t o  270 f o r  subsonic operation. 
var ia t ion i s  fram 1.9 t o  4.5; however, because of t he  forward location 
of the pivot, the wing area a l so  increases by about 9 percent as the  
panels a r e  rotated forward. 
trimmer and a8 a means f o r  balancing the airplane t o  avoid s t a b i l i t y  
changes w i t h  changes i n  sweep angle. The longitudinal control i s  at 
the r ea r  of the wing and ai lerons a re  on the  ro ta t ing  panels. 
design i s  conceived as having four engines, of which two are i n  each 
of the pods below the wing junctures. 
configuration of higher aspect ratio (2.5 t o  5.4) i s  shown i n  f lgure 6. 

One of these configurations 

The outer panels of the w i n g s  

The accompanying aspect-ratio 

This configuration uses a camrd as a 

This 

An a l te rna te  variable-sweep 

I n  s~nnnary, the  poten t ia l  advantages of the more sophisticated 
forms of variable geometry are so high that serious consideration of 
t h e i r  use f o r  supersonic transports i s  warranted. 
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(a) Wings swept. L-5 9-8573 

r 

(b) Wings unswept. L-59-8572 
Figure 5.- Model of a variable-sweep transport. 
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(a) Wings swept. L-59-8571 

(b ) Wings unswept . 
Figure 6.- Model of a variable-sweep transport of high aspect ratio. 

L-59-8570 
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IX. EFFECT OF VARIABIX SWEEP ON STRUCTURAL WEIGH" 

By Eldon E. Mathauser 

The effect of variable sweep on structural weight will be reviewed 
briefly. First, two possible types of mechanical designs shown in fig- 
ure 1 will be considered. 
These designs include a mechanism labeled as "single point bearing" and 
another labeled as "concentric track." 
these two configurations are shown as figures 2 and 3 .  
bearing is characterized by a single bearing about which the wing is 
hinged.. This design represents a simple and obvious solution to the 
piaoblem. The other design utilizing concentric tracks leads to lower 
structural weight. 
of 58,000 pounds gross take-off weight, the incorporation of variable 
sweep into the structure (utilizing concentric tracks) produced a weight 
increase of approximately 3 percent of the gross take-off weight. It is 
not known whether this same percentage of weight increase will apply to 
large aircraft of the supersonic transport type. These studies of the 
effect of variable sweep on structural weight are Just beginning and 
both mechanical designs and weight estimates should be considered as 
prelidnary solutions. 

(Leading-edge sweep is varied from 25O to 75O.) 

Photographs of working models of 
The single point 

For one tyye of aircraft considered, namely a fighter 
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(a) Wing swept. L-59-8558 

(b)  Wing unswept. 

F i g u r e  2 . -  Working nodel of s i n g l e  point  bearing. 

L-5 9-8559 
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(a) Wing swept. L-59-8561 

(b )  Wing unswept. L-59-8560 
Figure 3 . -  Working model of concentr ic  t r ack .  

I 
\ 

. 



X. POSSIBLE PERFORMANCE IMPROVEMENTS 

By John M. Swihart and Willard E. FOSS, Jr. 
I 

Ways of improving the off-design performance and operating flexi- 
bility of the supersonic transport have been discussed previously in 
other parts of this volume. Figure 1 shows how the drag of a conven- 
tional delta-wing airplane such as that described in part I by Nichols 
varies with Mach number in the critical take-off, climb, and accelera- 
tion phases of flight. 
for the flight plan considered herein, that the airplane takes off at a 
Mach number of about 0.3, climbs to 7,500 feet, accelerates at constant 
altitude to a Mach number of 0.90, climbs at this speed to 35,000 feet, 
accelerates at constant altitude to a Mach number of 2.0, and then con- 
tinues to accelerate and climb to the initial cruise altitude of 
65,000 feet at a Mach number of 3.0. 
drag against Mach number indicates a high drag for the conventional 
machine during take-off, a decreasing drag level during the subsonic 
climb and acceleration, and an increase in drag at transonic speeds and 

The variation of altitude with Mach number shows, 

The solid curve for the plot of 

. during acceleration to a Mach number of 2.0. 

It is evident from the dashed curve that the use of varf-able geoni- 
etry, such as the variable-sweep concept described by Toll in part VIII, 
provides a significant performance improvement in the entire subsonic 
region. Additional performance improvements would be obtaincd in the 
hoLding operation as indicated by the level of the point sholm in 
figure 1. 

Table I shows a performance comparison between the c0nvt:ntional 

These data were calculated for standard day 
delta-wing configuration with four afterburning turbojets and the 
variable-sweep concept. 
conditions using preliminary estimated characteristics without regard 
for any special Civil Air Regulations. The items considered in the 
comparison are actual take-off distance over a 5O-foot obstacle, touch- 
down speed at an angle of attack of 12O, the maximum altitude far a 
1,000-foot-per-minute rate of climb (really a measure of the fuel cost 
of the subsonic climb), the percentages of take-off fuel required to 
perform a 30-minute hold at destination and for an emergency subsonic 

tion. Significant improvements are shown in each of these important 
areas for the variable-sweep concept. 

I 
cruise from midrange as necessitated, perhaps, by a slow depressuriza- 

Figure 2 shows some of the fundamentals of the airframe-engine 

with Mach nunber for the conventional airplane shown in figure 1. 
top line represents the thrust performance of a set of four afterburning 
turbojets matched to the airframe in the usual manner. Maxiroum 

. matching problem, The shaded region at the bottom is the dr&g variation 
The 
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afterburning is utilized for take-off, transonic acceleration, and 
climb to start of cruise, and partial afterburning is used for cruise. 
Normal rated thrust is used for the subsonic cruise and acceleration. 
Critical points usually considered in this matching process are take-off 
thrust, excess thrust available for transonic acceleration, cruise thrust, 
cruise specific fuel consumption, and fuel consumption f o r  holding opera- 
tions. It can be seen in figure 2 that these engines are seriously out 
of match for the sea-level holding operation. 

Table I1 shows some of these critical matching points in detail. 
A comparison is made of four afterburning (designated A/B) and six 
nonafterburning turbojet and turbofan engines matched to the same air- 
frame. For this comparison, all engine combinations provide the same 
take-off thrust, and the airplane gross weights are the same. Items 
compared are bare engine weight, thrust available for transonic accel- 
eration at 35,000 feet, thrust available for cruise, and the specific 
fuel consumption at cruise and for sea-level holding. 

A l l  values presented in this table are relative to the four after- 
burning turbojets. The six nonafterburning turbojets are shown to be 
slightly heavier, provide lower thrust for transonic acceleration and 
cruise, and have higher specific fuel consumption for holding. There- 
fore, the airplane would require a higher lift-drag ratio. However, 
if afterburners were added to some or all of the engines, the thrust for 
acceleration could be increased as much as 40 percent; and the thrust 
could be matched for cruise at a relatively slight cost of additional 
take-off weight. When this is done and two of the engines operate at 
minimum afterburning for cruise with the remainder at normal rated 
thrust, the specific fuel consumption is lower by 8 percent. 
consumption for sea-level holding could also be made competitive by 
shutting down two or more of the six engines and running the balance 
at increased engine power. 

The fuel 

It should be stated that the turbofan data presented here are from 
preliminary designs, whereas the turbojet data just discussed are from 
engines in hardware development; therefore, these turbofan data are only 
preliminary estimates. With these items in mind, the data indicate that 
the four afterburning turbofans with 1:l bypass ratio are lighter, have 
more acceleration potential, and provide substantial improvements in 
subsonic sea-level specific fuel consumption. The six nonafterburning 
turbofans with l.75:l bypass ratio are heavier and provide less accel- 
eration thrust. AS much as twice the acceleration thrust could be 
obtained if afterburning were provided, 

The point to be made here is that none of the engines considered 
possesses all the characteristics desired for all phases of the super- 
sonic transport mission. 
engine - presumably a turbofan with a different bypass ratio - can be It appears entirely possible that some new 
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developed which w i l l  both reduce the take-off noise and provide improved 
performance and econollry over a substantial  portion of the mission . prof i le  . 

In  conclusion, it has been shown that substant ia l  improvements i n  

It has been 
. take-off, landing, off-design performance, and operating f l e x i b i l i t y  

may be possible through modifications t o  airplane design. 
indicated t h a t  research and development on a new engine be t t e r  sui ted 
t o  the supersonic-transport-flight prof i le  would be desirable.  

. 
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I t e m  

Take-off distance over 
W-f t  obstacle, f t  

Vtouchdown (a = 120), 
knots 

Maximum a l t i t u d e  f o r  
1,000 ft/min rate of 
climb a t  M = 0.9, f t  

Take-off f u e l  (30-min 
terminal hold), percent 

Take-off f u e l  (emergency 
subsonic cruise from I midrange), percent 

TABLF: I 

Conventional Variable sweep 

9,000 5,000 

150 120 

35,000 44,000 

11 7 

26 20 

PERFORMANCE COMPARISON L 
9 
4 
a 

. 
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mBIJ3 I1 

ENGINE COMPARISON* 

Item 

Bare engine weight 

Thrust (M = 1 at  35,000 Pt) 

Thrust ( M  = 3 cruise) 

Specific fue l  consumption 
( M  = 3 cruise) 

Specific fue l  consumption 
( sea-level hold) 

Turbo je t  Turbofan 

6 Non A/B 

1 - 3  

1 .o 0.82 1 .o 1.2 
I 

10.55 0.63 

* Engine combinations have same take-off th rus t  values r e l a t ive  
t o  4 afterburning (A/B) turbojets.  ** NRT, normal ra ted thrus t ,  
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1 Aircraft performance: With regwd to performance, the state of 
the art appears sufficiently advanced to permit the design of an air- 
plane at least marginally capable of performing the supersonic trans- 
port mission (3,500 nautical miles). Most designs proposed thus far, 
however, appear to have serious shortcomings with regard to off-design 
performance and operating flexibility. Further changes to both the 
basic airframe and engine configurations appear desirable. Also needed 
is a system of flight controls and communications sufficient to permit 
the airplane to fly in an optimum =mer at all times. 

The higher thrust-to-weight ratios of supersonic transports 
result in potential noise problems at take-off because of increased noise 
power at the source. H i g h  temperature afterburning at take-off probably 
cannot be tolerated; however, the development of turbofan engines should 
relieve the take-off noise problem. Relative to the sonic boom, there 
appears to be no problem associated with the high-altitude cruise portion 
of the flight. 
supersonic flight may necessarily be restricted to altitudes above 
35,000 feet. 

selection are critically dependent upon cruise Mach number. 
30,OOO hours is generally considered as a minimum goal and most of this 
life will be spent at design temperature. 
design temperature, the use of aluminum-alloy construction is limited to 
temperatures somewhat below 300° F (M - 2.3) . At higher speeds, stainless 
steel or titanium alloy w i l l  be required. The use of sandwich construc- 
tion can result in weight savings over conventional skin-stringer con- 
struction but at substantially increased cost. A critical problem area 
is expected to be fatigue (particularly sonic fatigue) at elevated tem- 
peratures. Research efforts devoted to evaluation of its significance 
and understanding are needed. 

pass loading conditions more severe than present subsonic transports. 
Areas needing evaluation and research are those associated with the unknown 
gust spectrums at high altitudes, gust response characteristics of super- 
sonic configurations, the inability to slow down rapidly, the problem of 
increased cabin pressure differential, and the higher ground loads 
resulting from possibly increased landing and take-off speeds. 

Supersonic aircraft are characterized by an 
increase in longitudinal stability and a decrease in directional sta- 
bility in going from subsonic to supersonic speeds. These character- 
istics, combined with the high relative density and greatly differing 
mass distributions, produce handling qualities significantly different 
from present Jet transports. As a result, automatic damping about all 

' 

Noise: 

The climb and letdown phases are critical, however, and 

This poses a serious airframe and engine matching problem. 

Aircraft structural design and materials Structures and materials: . A life of 

Because of long exposure to 

Structural loads: The design of the supersonic transport will encom- 

, 
Handling qualities: 

' 



94 

three axes w i l l  probably be required. 
development of configurations with f a i l - s a fe  charac te r i s t ics  such that 
i n  emergency they can be flown on manual control alone. 

There ex i s t s  a c r i t i c a l  need for  

r 

Runway requirements: The take-off and landing speeds fo r  fixed 
geometry supersonic transports tend t o  be higher than current J e t  trans- 
ports, but runway requirements w i l l  be within the limits of internat ional  
a i rpor t s .  Inasmuch a s  present j e t  a i r c r a f t  a r e  considered already mar- 
ginal r e l a t ive  t o  take-off and landing, basic changes i n  airframe and 
engine may be required t o  provide any s ignif icant  improvement. 

I 

Traff ic  control and operations: The supersonic transport  must 
follow carefully prescribed climb, cruise,  and letdown procedures. I n  
some respects, t h i s  airplane i s  l i k e  a pro jec t i le ,  fo r  once launched l 

it must proceed along a precisely controlled f l i g h t  path with l i t t l e  
or no delays and w i t h  a large degree of dependence on automatic f l i g h t  
control and s tab i l iza t ion  systems. 
t r a f f i c  control over the en t i r e  route. The capabili ty of the p i l o t  t o  
assume safe manual control i s  questionable. The problem of fue l  
reserves i s  extremely c r i t i c a l ,  fo r  present requirements can lead t o  

There must be rapid automatic 

I 

reserve fue l  weights greater than the payload. 6 ,  

Variable geometry transport  a i r c r a f t :  Large wing sweep angles and 
low aspect r a t i o s  needed t o  achieve supersonic performance a re  not con- * 
ducive t o  good low-speed character is t ics  associated with take-off, sub- 
sonic climb, holding i n  the t r a f f i c  pat tern,  and landing. The use of 
variable geometry appears t o  have an aerodynamic poten t ia l  such that 
savings i n  f u e l  reserves alone may more than compensate for  increased 
s t ruc tura l  weight. The poten t ia l  advantages of the more sophisticated 
forms of variable geometry - such as variable sweep - are  so great  t h a t  
t h e i r  serious consideration fo r  supersonic transports i s  warranted. 

Airframe-engine matehing: The problem of airframe-engine match 
i n  a supersonic transport  i s  c r i t i c a l  because of the wide range of 
thrust  requirements t o  be met and the need for  high efficiency i n  off-  
design operation. 
re l ieve the engine match problem and t o  improve the off-design perform- 
ance and operating f l e x i b i l i t y .  Performance analyses, however, inai- 
cate a strong need for  a new engine, probably of the turbofan type, t o  
be designed spec i f ica l ly  fo r  supersonic transport  operation. Such an 
engine should have high take-off th rus t  a t  low noise levels ,  a large 
thrus t  margin f o r  transonic acceleration, and high subsonic (off design) 
efficiency a s  well as  good performance i n  the design cruise condition. 

The use of wing variable geometry can do much t o  

’ 
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